Immunizations. Mice were immunized with 20 ~g of antigen emulsified in complete Freund's adjuvant containing 1 mg/ml of Mycobacterium tuberculosis, strain H37Ra (Difco Laboratories, Detroit, Mich.). Each mouse received 0.1 ml of emulsion distributed equally between the two hind footpads.
Preparation of Cells.
The preparation and culture of PETLES has been described in detail elsewhere (10, 11) . Briefly, 3 wk after immunization, thioglycollate-induced peritoneal exudate cells were harvested and passed over nylon wool columns. Because of a shortage of nylon wool, the fiber was '~recycled" after use. This entailed washing in distilled water to remove the cells and medium, and storing in 0.02% NaN3 until a large batch of nylon had been accumulated. The nylon was then washed free of the NAN3, boiled in 10 mM EDTA for 30 min, washed free of the EDTA, and soaked in double-distilled water for 5 days at either 37°C or 4°C, changing the water each day. The nylon was then dried and packaged as previously described (10, 11) . PETLES were eluted from the columns with 40-50 ml of RPMI 1640 containing 10% heat-inactivated fetal calf serum, antibiotics, and 2-mercaptoethanol. The population eluted from standard nylon columns contained an average of 13% macrophages, 55% lymphocytes, 32% eosinophils, and only 2% B lymphocytes (identified by staining with fiuorescein-conjugated rabbit anti-mouse immunoglobulin), although these percentages varied significantly depending on the mouse strain used (10, 11) . The recycled nylon on the other hand was more effective in trapping macrophages and less effective in trapping eosinophils. For 25 experiments with B10 mice or H-2 congenic mice on a B10 background, the mean PETLES population was composed of 3.5 +_ 0.5% macrophages, 29 _ 2% lymphocytes, and 67 +_ 2% eosinophils, with <2% B cells. PETLES obtained from recycled nylon columns appeared to be slightly less responsive to antigen, particularly in those populations containing over 75% eosinophils. However, this problem could be compensated for by increasing the number of cells cultured per well. In all other respects, such as the T-cell dependence of the assay, the PETLES behaved as previously described (10, 11) .
Cell Cultures. 2 × 105 PETLES were cultured in each well of a sterile, U bottom, microculture plate (Cooke Engineering, Alexandria, Va.) containing 0.2 ml Eagle's high amino acids (EHAA) medium supplemented with 10% fetal calf serum (FCS). The EHAA was modified from the original description of the medium by Click et al. (16) to include 50 ~g/ml of gentamicin instead of streptomycin, 10 mM HEPES plus 15 mM NaHCO3 instead of 15 mM NaHCO3, and 240 mg/liter of L-leucine instead of 130 mg/liter. The complete medium was made up and stored at 4°C except for the antibiotics, 5 x 10 -s M 2-mercaptoethanol, and 4 mM glutamine which were added just before use. The cells were added to the wells first in 0.1 ml of medium, and then the antigens were added in 0.1 ml to give a final concentration of 0.01 to 500 ~g/ml. The cultures were incubated for 5 days at 37°C in a humidified atmosphere of 3% COs and 97% air. Approximately 16-18 h before harvesting, the cultures were pulsed with 1 ~Ci of tritiated methyl-thymidine (sp act 5 Ci/mmol: Amersham/Searle Corp., Arlington Heights, Ill.). The cells were collected onto glass fiber filter paper strips (No. 934AH, Whatman Inc., Clifton, N. J.) with a MASH II automated harvestor (Microbiological Associates, Rockville, Md.), and washed with distilled water and 95% ethanol. The filter disk containing each sample was then placed in 2 ml of Hydromix scintillation fluid (Yorktown Research, Hackensack, N. J.) and the radioactivity measured in a Beckman liquid scintillation counter. Most determinations were done in triplicate except for dose-response curves in which case each point was done in duplicate. The data are expressed as cpm -+ the standard error of the mean (SEM) and plotted for the dose-response curves as the difference between the antigen-stimulated cultures and control cultures without antigen (Acpm) vs. the log,o of the antigen concentration. Statistical analysis was done with a two-tailed Student's t test.
Results
Initial studies by Lonai and McDevitt (7) of cross-reactions among the branched-chain copolymers at the T-cell level had indicated no detectable crossstimulation between (~,G)-A--L and (H,G)-A--L in lymphocytes from primed C3H/DiSn or C3H. Q mice, suggesting that the pattern of cross-reactivity of Tlymphocyte receptors and that of antibodies were quite different. A subsequent study by Oppenheim et al. (8) , however, found that (T,G)-A--L and (dp,G)-A--L gave complete cross-stimulation in both directions using cells from C57BL/6 mice, suggesting that a similar pattern of cross-reactivity was expressed by T cells and antibody. These apparently discrepant conclusions prompted us to more fully explore the question of cross-reactions among the branched-chain copolymers in a variety of different mouse strains, principally of the B10 congenic series. Mice of this series were chosen so that any differences observed could be ascribed to the action of major histocompatibility complex (MHC) gene products. Table I shows the capacity of mice of different H-2 types to respond to each of the immunogens studied.
The results of our studies of immunogenicity and cross-stimulation at the Tcell level are presented in Tables II-V. Representative experiments for each strain and antigen are shown. In a few cases, where a large variation in the degree of cross-reaction for a particular antigen was observed, two experiments are presented.
PETLES from mice of H-2 b and H-2 d haplotypes, which had been immunized with (T,G)-A--L, could be stimulated in vitro with (T,G)-A--L, (dp,G)-A--L, and GAT, but no significant stimulation was observed with ( (Table II) . The (qb,G)-A--L cross-reactions ranged from 50-80%, and the GAT cross-reactions ranged from 30-100%. PETLES from H-2 a, H-2 k, H-2 q, and H-2" mice immunized with (T,G)-A--L did not respond to (T,G)-A--L and also showed no response to any of the potentially cross-reactive antigens. They did respond to PPD, however, indicating that the failure to respond to the branched-chain copolymers was a selective nonresponsiveness.
PETLES from H-2 a, H-2 o, H-2 d, H-2 k, and H-2 ~ mice immunized with (dp,G)-A--L, showed a variety of different cross-reaction patterns (Table III) 
* Data summarized from the present paper and references 7 and 11.
TABLE II

Cross-Stimulation of PETLES from Mice Immunized with (T,G)-A--L
Thymidine incorporation (cpm -+ SEM) in response to: 
PETLES from various strains of mice were harvested 3 wk after immunization with 20 ~g of (T,G 
(H,G)-A--L, G-A--L, and (T,G)-Pro
In striking contrast to the multiple cross-stimulations seen when (T,G)-A--L, and (dp,G)-A--L were used as the immunogens, (H,G)-A--L immune PETLES showed either insignificant or only marginal cross-reactions with any of the GENETIC
CONTROL OF T-CELL CROSS-REACTIONS TABLE IV
Cross-Stimulation of PETLES from Mice Immunized with (H,G)-A--L
Thymidine incorporation (cpm ± SEM) in response to: other polypeptides (Table IV) . This was true for all of the B10 congenic strains tested, whether they were responders (H Table IV 
-2", H-2 k) or nonresponders (H-2 b, H-2 d) to (H,G)-A--L. The responses of the recombinant strains to (H,G)-A--L, also shown in
Cross-Stimulation of PETLES from Mice Immunized with GAT
Thymidine incorporation (cpm ± SEM) in response to: It should be noted that PETLES from B10.D2 mice failed to respond to (H,G)-A--L, while BALB/c PETLES showed a barely significant response (Table IV) . This is in contrast to the data obtained at the antibody level for H-2 d mice in which at least the BALB/c strain was reported to be a moderate responder (18) . It should also be noted that A.TL PETLES, in contrast to those of the B10 congenic series, showed cross-stimulations with several of the other polypeptides. Whether the A non-H-2 genetic background is responsible for this will require further study.
The most unexpected cross-reaction observed in the series of polymers studied was the stimulation of (T,G)-A--L or (qLG)-A--L immune PETLES by the linear random terpolymer GAT. Interestingly, however, these cross-reactions appeared to be largely unidirectional, i.e., GAT immune PETLES were either not stimulated or were stimulated only minimally by the branched-chain copolymers (Table V) . PETLES from B10.D2 and B10.A mice immune to GAT were not stimulated at all by (T, In many cases dose-response curves were performed in order to determine the maximum amount of each cross-reaction and the concentration of antigen required to achieve 50% of the maximal response. Figs. 1-4 show examples of <1 24,000 20,000 16 ,000 such dose-response curves for PETLES from B10, B10.D2, and B10.A mice
In general, the curves showed very shallow rises, taking three to four loglo increases in antigen concentration to go from initial stimulation to plateau levels of response. The maximal response usually occurred at an antigen concentration of 100-500 ftg/ml. These characteristics were observed for the cross-reacting antigens as well as for the immunogen. Table VI gives a summary of the data obtained from the dose-response curves for the major cross-reacting antigens. Stimulation by GAT and (~,G)-A--L of PETLES from both B10 and B10.D2 mice immunized to (T,G)-A--L was 50-100% of the maximum response achieved with (T,G)-A--L. The concentration of polymer required to achieve 50% of the maximal response for that polymer was similar for both the imrnunogen and the cross-reacting antigens in the B10 strain and only three to fourfold higher for the cross-reacting antigens than for the immunogen in the B10.D2 strain. These results suggest a similar receptor affinity in the B10 cells for all three polymers and definitely rule out the trivial possibility that the cross-stimulations resulted from accidental contamination of the cross-reacting polymers with small amounts of the immunogen. Immunization of B10 mice with (~,G)-A--L gave rise to a similar pattern; the crossreacting antigens stimulated as much proliferation as the immunogen and at A similar analysis can be done to locate the genes controlling the crossreaction pattern of B10 mice immune to (T,G)-A--L, although not as precisely (Table II) (Tables II and III) . (b) The strain being tested must also be genetically capable of responding to an antigen as an immunogen in order for that antigen to elicit a cross-reaction: for example, B10.A and B10.BR mice immunized to (~,G)-A--L showed a weak cross-reaction to GAT, whereas SWR/J mice did not (Table III) (Table III) (Tables III and IV) . This is also true for B10.A(4R) mice, where the genes controlling (¢,G)-A--L cross-reaction patterns and (H,G)-A--L responsiveness have been located to the same portion of the MHC. This last point suggests that the fine specificity of the T-cell receptor can completely distinguish between two closely related antigens, even in strains that are genetic responders to both because they possess only the H-2 a alleles of the K region and I-A subregion of the MHC. Discussion The fine specificity of cellular immune reactions has been studied by a number of investigators in both the guinea pig and the mouse. Whether measured by skin reactions, production of migration inhibition factor, or proliferation in vitro, the T-cell immune response could distinguish such differences as the position of a DNP residue (5), the addition or substitution of an amino acid (19, 20) , or the location of a nitro group (6) . In many respects the discriminatory power is similar to the fine specificity of antibody. On the other hand, T-cell specificity (or the specificity of T-cell activation) differs from that of B-cell receptors and of antibody in several respects. Among these are the carrier or conjugate specificity of responses to hapten-carrier conjugates (21) , the high percentage of T cells specific for MHC gene products (22) , and the differences in patterns of cross-reactivity (1) (2) (3) (4) (5) (6) (7) (8) (9) .
In this paper, we present results that reveal certain of the factors that play an important role in regulating T-lymphocyte cross-reactions. The system studied was the cross-reactivity among branched-chain and linear synthetic polypeptides as measured by the stimulation of proliferation of T lymphocytes from primed donors. We chose this set of antigens because published studies using mouse strains of different histocompatability type indicated disparate results with regard to the existence of cross-reactivities. As suggested by one example from the recent work of Giinther and Riide in t-be rat (9) and as shown by us in the present studies, this discrepancy has a clear ;enetic basis. Our data indicate that in order for a cross-reaction to occur, the motse strain must possess Ir genes allowing it to respond to both the immunogen an | to the cross-reacting antigen, when the latter is used as an immunogen. Thus, ~he pattern of cross-reactions is regulated by MHC genes. For example, Oppenheim et al. (8) • ¢P(A)n determinants that B10 cells respond to. Nonetheless, since G-A--L and (H,G)-A--L also failed to cross-stimulate, the determinants probably contain at least one phenylalanine. In fact, the determinant recognized in (dp,G)-A--L might be the same for B10 and B10.A mice, but the receptor and/or the Ir gene product of B10.A might not be able to interact with the analogous tyrosine containing sequences in (T,G)-A--L and GAT because it can not accommodate the phenolic hydroxyl group.
The B10.D2 mouse appeared to be an intermediate strain between B10 and B10.A with regard to cross-reactions. When B10.D2 mice were immunized with (T,G)-A--L, both GAT and (cP,G)-A--L gave greater than 50% cross-stimulation, although the concentration of antigen required to achieve half maximal stimulation was three to fourfold higher. The pattern is similar enough to that of the B10 strain to suggest that the determinants being recognized are those expressed by the sequences TTGG(A)~, GT(A)n, and/or TT(A),. In contrast, when B10.D2 mice were immunized with (dP,G)-A--L, (T,G)-A--L showed only a partial cross-reaction (50% or less) and GAT stimulated weakly. Furthermore, the concentration of (T,G)-A--L or GAT required for half maximal stimulation was six to sevenfold higher than that required for (cP,G)-A--L. These results suggest that the B10.D2 T cells respond principally to determinants on (¢,G)-A--L other than those recognized by B10 T cells, although possibly not to the same determinants recognized by B10.A T cells.
Why the B10.D2 immune system, which has the capability of reacting with either set of determinants, should choose not to respond to the TTGG(A),, GT(A)~, or TT(A), determinants when challenged with (¢,G)-A--L is not clear. What is clear is that this phenomenon of unequal or one-way cross-reactivity is controlled by MHC genes, since B10.D2 mice demonstrated it while B10 mice did not. The phenomenon was not limited to B10.D2 mice, however, as the most striking example was found in B10 mice immunized with (T,G)-A--L or GAT. (T,G)-A--L immune B10 PETLES showed 50-100% cross-stimulation with GAT. In contrast, GAT immune B10 PETLES were barely stimulated at all by (T,G)-A--L. Thus, although GAT contains determinants similar to those found in (T,G)-A--L, when used as an immunogen in B10 mice GAT preferentially stimulates T cells which recognize other determinants on the molecule. Another example of one-way cross-reactivity involving (T,G)-A--L and (~,G)-A--L has been described in L.AVN rats by Gfinther and Rtide (9) .
The data presented in this paper clearly show that the patterns of crossstimulation are controlled by genes mapping in the K or I region of the MHC; however, they do not prove that these are the same genes that control the immune response to these antigens. This would certainly be the simplest possible interpretation. If so, it would provide another means for mapping Ir genes. (Table III) , this information can be used to infer that at least one Ir-~PGAL gene maps in one of these two areas of the genome (or possibly centromeric to the K region). The most likely assumption is that an Finally, the data presented here, in conjunction with the data of Lonai and McDevitt (7), indicate that the Ir gene(s) controlling responsiveness at the T-cell level to both (¢P,G)-A--L and (H,G)-A--L map in the I-A subregion of the MHC, yet no cross-reactions occur between these two antigens, which are similar in overall structure. Furthermore, the Ir genes controlling the response to several structurally unrelated antigens have also been definitively mapped to the I-A subregion, such as that for low dose ovalbumin (25) , or provisionally mapped to this subregion, such as that for IgA myeloma proteins (26) . These results would seem to imply that the fine specificity of the T-cell proliferative and antibody responses to all of these antigens is controlled by the genes contained in the relatively short segment of chromosome encompassed by the I-A subregion. Although this subregion could possibly code for a unique set of T-cell variable region genes (27) , the data on shared idiotypes between T and B cells (28, 29) suggest that at least one set of T-cell variable region genes is coded for outside the MHC. Thus, ifIr genes achieved control ofT-cell specificity by influencing or being a part of the T-cell receptor, one would have to postulate that Ir gene products are responsible for selecting which non-MHC variable region genes are expressed as receptors on responding clones. On the other hand, Ir gene products may exert their effect in antigen-presenting cells, such as macrophages, by combining with antigen on the surface of this cell to form new determinants (complex antigenic determinants:CADs) which can or can not be recognized by the available set of T-lymphocyte receptors. If the CADs are recognized, the strain would be a responder to the antigen; if the CADs are not recognized, the strain would be a nonresponder. The data presented in this paper do not allow us to distinguish between these models. Summary Antibodies raised against many structurally related antigens have been shown to cross-react extensively. Manifestations of T-cell immunity, on the other hand, appear to be more restricted in their ability to be elicited by crossreacting antigens, although examples have been reported. This paper explores the nature of the cross-reactions at the T-cell level among the branched-chain copolymers (T, The extent of the cross-reactions varied with the mouse strain and was shown to be under the control of immune response genes. It was necessary for the strain to be able to respond to both the immunogen and the cross-reacting antigen, when used as an immunogen, in order for cross-stimulation to occur; however, this was not always sufficient. Several examples of unequal or one-way cross-reactions were found. In addition, the immune responses to (H,G)-A--L and (¢P,G)-A--L showed no cross-reactions with the other antigen even though their Ir genes were both mapped to the K region or I-A subregion. The problem of accounting for such fine specificity of T-cell recognition in lieu of the genetic evidence demonstrating only Ir gene control of the response is discussed.
